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Abstract. We employ new global space-based measurementsions testing the sensitivity of optimized fluxes to model er-
of atmospheric methanol from the Tropospheric Emissionrors in OH, dry deposition, and oceanic uptake of methanol,
Spectrometer (TES) with the adjoint of the GEOS-Chemas well as to the assumed a priori constraint, lead to global
chemical transport model to quantify terrestrial emissions offluxes ranging from 118 to 126 Tg'yt. The TES data imply
methanol to the atmosphere. Biogenic methanol emissions i@ relatively modest revision of model emissions over most of
the model are based on version 2.1 of the Model of Emissionghe tropics, but a significant upward revision in midlatitudes,
of Gases and Aerosols from Nature (MEGANv2.1), using particularly over Europe and North America. We interpret
leaf area data from NASAs Moderate Resolution Imaging the inversion results in terms of specific source types using
Spectroradiometer (MODIS) and GEOS-5 assimilated metethe methanol : CO correlations measured by TES, and find
orological fields. We first carry out a pseudo observation testhat biogenic emissions are overestimated relative to biomass
to validate the overall approach, and find that the TES samburning and anthropogenic emissions in central Africa and
pling density is sufficient to accurately quantify regional- to southeastern China, while they are underestimated in regions
continental-scale methanol emissions using this method. Asuch as Brazil and the US. Based on our optimized emissions,
global inversion of two years of TES data yields an optimized methanol accounts for > 25 % of the photochemical source of
annual global surface flux of 122 Tgy (including bio-  CO and HCHO over many parts of the northern extratropics
genic, pyrogenic, and anthropogenic sources), an increase afuring springtime, and contributes6 % of the global sec-

60 % from the a priori global flux of 76 Tgyt. Global ter-  ondary source of those compounds annually.

restrial methanol emissions are thus nearly 25 % those of iso-

prene (540 Tgyr 1), and are comparable to the combined

emissions of all anthropogenic volatile organic compounds

(~100-200Tgyrl). Our a posteriori terrestrial methanol 1 Introduction

source leads to a strong improvement of the simulation rel-

ative to an ensemble of airborne observations, and corroboMethanol is the most abundant non-methane organic com-
rates two other recent top-down estimates (114—-120 Tyyr Ppound in the troposphere, and a precursor of carbon monox-

derived using in situ and space-based measurements. Inveifle, formaldehyde, and ozone (Singh et al., 1995, 2001; Tie et
al., 2003; Millet et al., 2006; Duncan et al., 2007; Choi et al.,
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2010; Hu et al., 2011). Methanol is produced in plants dur-photochemical importance of methanol in early spring, when
ing cell wall growth (Fall, 2003), and appears to be emittedmethanol emissions are high but isoprene emissions are still
by most land plants (Fall and Benson, 1996). As a result, bio+relatively low. Wells et al. (2012) used space-based measure-
genic emissions are thought to constitute the largest fractioments from IASI and from the Tropospheric Emission Spec-
of the global methanol source (Millet et al., 2008a; Stavrakoutrometer (TES) to demonstrate that this seasonal bias mani-
et al., 2011; Guenther et al., 2012). Emissions of methanofests across midlatitude ecosystems globally. They used the
thus represent an important chemical interaction between theASI data to derive an optimized set of emission factors as a
biosphere and atmosphere. function of leaf age, which resulted in higher emissions for

Other sources of atmospheric methanol include biomassew and old leaves and reduced emissions from growing and
burning (Holzinger et al., 1999; Andreae and Merlet, 2001) mature leaves relative to the standard MEGAN parameteri-
and anthropogenic emissions (Holzinger et al., 1999; dezation.
Gouw et al., 2005; Hu et al., 2011), both minor terms in In this paper, we use a new two-year data set of space-
the global budget that can be important on regional scalesbhased tropospheric methanol observations from TES with the
Methanol is also produced photochemically via peroxy rad-adjoint of the GEOS-Chem CTM in a global inversion to
ical permutation reactions (Tyndall et al., 2001), which pro- derive new constraints on terrestrial emissions of methanol.
vide a diffuse source most important in the remote atmo-The analysis builds on our previous work using satellite ob-
sphere (Lewis et al., 2005). Observations in the ocean mixedervations to characterize the seasonality of methanol emis-
layer imply that the marine biosphere is a large primarysions in the extratropics (Wells et al., 2012) and on recent
source of atmospheric methanol, but an even larger gross singfforts applying the IASI sensor to investigate global emis-
(Heikes et al., 2002; Williams et al., 2004; Carpenter et al.,sion fluxes (Stavrakou et al., 2011). We employ an ensemble
2004; Millet et al., 2008a; Yang et al., 2013). Photochemi- of aircraft observations to evaluate the TES-derived emission
cal oxidation by the hydroxyl radical (OH) is the other main estimates, and interpret the results in terms of underlying
sink for atmospheric methanol, followed by dry deposition emission processes based on the methanol: CO correlations
to land. The overall atmospheric lifetime for methanol, ac- measured by TES. Finally, we explore the impact of our a
counting for gross ocean uptake, OH, and deposition, is apposteriori methanol emissions on the photochemical produc-
proximately 5-6 days (Millet et al., 2008b; Stavrakou et al., tion of formaldehyde and carbon monoxide in the global tro-
2011). posphere.

Due to sparse long-term surface observations, the magni-
tude and distribution of global methanol sources is poorly )
constrained. Recent studies have found that current emissioh | £> Methanol observations

inventories lead to significant spatial and temporal model b"TES is an infrared Fourier transform spectrometer aboard

ases relative to in situ and satellite observations. Millet et . .
. o EOS Aura, which has a local Equator overpass time of 13:45
al. (2008b) found that a net primary productivity- (NPP-) ") ‘5 g footprint at nadir (Beer et al., 2001). The

pased emisstons scheme Qeveloped .by Galbally and KIrSf'irst observations of methanol from TES were presented in
tine (2002), implemented in a chemical transport model

L Beer et al. (2008), and a detailed description of the methanol
(GEOS-Chem CTM), led to a methanol overprecﬁcﬂon Over, trieval, sensitivity, and initial global results were given by
the eastern US and the tropics that correlated with broadleagady-Pereira et al. (2012). Wells et al. (2012) evaluated the
tree coverage. Stavrakou et al. (2011) used met_h anol COI"I'ES retrievals using a suite of aircraft observations over
umn measurements from the Infrared Atmospheric Sound-North America. and found the two data sets to be consis-
ing Interferometer (IASI) with the adjoint of the Intermecﬁ— tent for retrievals with degrees of freedom for signal (DOFS)
ate Model for the Annual and Global Evolution of Species

s . .~ >0.5.
gg/ln'?cGIrznsé\tﬁ;rg)-lr’\gr;(i)sgic())r:fstrzllr:)bbz;ﬁ;na'?ﬁe?/u;gfr? da':]hdatbl%-e The methanol abundance is retrieved from TES measured

Model of Emissions of Gases and Aerosols from Naturezzﬁftrgr:noﬂ:ﬁﬂg?zgtiﬁg%g? ;ror:wozligﬁZ(.sg dtoeis?g;(.)‘(l)?)])cmrhe
(MEGANV2.1; Guenther et al., 2012) predicted biogenic 9 P bp gers, '

methanol emissions that were too high in the tropics and tooretneved methanol profile is related to the true profiley
low in more arid regions, such as the western US, central — , 1 A(x — x,) (1)
Asia, and northern Australia.

Hu et al. (2011) employed tall tower measurements in thewherex, is the a priori profile and\ is the averaging kernel
US Upper Midwest in combination with the GEOS-Chem matrix. Most TES methanol retrievals have DOFS <1.0, so
CTM to better understand the seasonal cycle of methanothey contain at most one piece of information in the vertical.
emissions. They showed that methanol concentrations simBecause of this, we collapse the retrieved methanol profile
ulated by GEOS-Chem, driven by MEGANV2.0, peaked ainto a single mixing ratio, called the representative volume
month too late in summer compared to the observations (latenixing ratio (RVMR; Shephard et al., 2011). The RVMR) (
July vs. June). This led, in turn, to an underestimate of theis a measure of the methanol concentration over the vertical
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range where TES is most sensitive, and is calculated from the Number of TES obs Average DOFS
retrieved profile: T

Niev
p= exp[zlog(fi)wi} : (2)
i=1

wherex; andw; are the retrieved mixing ratio and RVMR N
weighting function at level. The weighting function is de-
rived from a transformation of the averaging kernel, and re-
duces to a vector in cases where the information content of|
the retrieval is limited (DOFS < 1.0). The uncertainty of the : .
methanol RVMR generally ranges from 10to 50 %. Thesen- - = =~ = ™ January"
sitivity of the retrieval to the true methanol profile peaks in g T — R B T S s Y
the lower troposphere, typically between 700 and 900 hPa[e
(Cady-Pereira et al., 2012), making the TES data suitable for| o
investigating surface emissions.

Here, we employ the GEOS-Chem 3-D CTM (see below) |
to interpret two years of global methanol observations from | .. - = . -
TES in terms of the constraints they provide on methanol e —
emission processes. We restrict the analysis to retrievals over ’ )
land and locations where the surface emissivity is greatefFig. 1. TES sampling frequency and degrees of freedom for signal
than 0.92, which results in 62209 retrieved profiles from (DOFS) for methanol. Shown are the number of TES methanol ob-
2008 and 2009. The number of TES observations per GEOQSservations in each®4x 5° GEOS-Chem grid box, and the average
Chem grid box (left panels) and their average DOFS (rightPOFS for those observations, durigd)—-B) all months of 2008—
panels) are mapped in Fig. 1 for the full data record and for2009;(C)~(D) January 2008 and 2009; a()—(F) July 2008 and
the months of January and July. We see in Fig. 1a that TEZ009.
provides extensive data coverage in the tropics but relatively
few observations over North Africa, the Arabian Peninsula,
and much of Australia. The latter are desert regions where3 Methanol simulation in the GEOS-Chem CTM
the surface emissivity retrieval degrades in accuracy due to
a strong and variable silicate absorption feature between 80GEOS-Chem Kttp://www.geos-chem.ojgs a global, 3-D
and 1300 cm?. Errors in the emissivity retrieval can over- model of atmospheric chemistry that uses GEOS-5 assim-
whelm the methanol signal over these areas. We also see ifated meteorological data from the NASA Goddard Earth
Fig. 1a and b that the number of observations and their corObserving System. For this work we run the model at a hor-
responding DOFS decrease towards the poles, particularly ifzontal resolution of 4x 5° and with 47 vertical levels ex-
the Northern Hemisphere (NH). This mainly arises from thetendil’lg to 0.01 hPa. Transport and emissions are calculated
sparsity of observations during wintertime (Fig. 1c). During on 30 and 60 min time steps, respectively.

NH spring and summer, when methanol concentrations are Methanol sources and sinks are computed in the model,
elevated and there is greater thermal contrast between thi@llowing Millet et al. (2008b), with modifications de-
land and atmosphere, we obtain more TES observations (angcribed in Wells et al. (2012). Specifically, terrestrial bio-
increased DOFS) at higher latitudes (Fig. 1e—f). genic emissions are estimated using the MEGANv2.1 algo-

To compare the simulated and measured methanol profile§thms (Guenther et al., 2012), with the seasonality in the
in the adjoint optimization, we sample the model at the time€eXxtratropics updated to provide better agreement with atmo-
and location of each TES observation, interpolate the modegpheric measurements (Wells et al., 2012), and using cli-
profile to the TES vertical resolution, and apply the native matological monthly leaf area indices (LAI) from MODIS
TES a priori and averaging kernel using Eq. (1). The model-collection 5 (Yang et al., 2006). Biomass burning emissions

measurement difference is then used to compute the adjoirdre calculated based on monthly output from the Global
forcing profile in the inversion, as described later. Fire Emissions Database version 3 (GFEDv3; van der Werf

et al., 2010). The methanol air—sea flux calculation derives
the gas-phase and liquid-phase transfer velocities using the
parameterizations of Johnson et al. (2010) and Nightin-
gale (2000), respectively. Dry deposition of methanol in-
cludes reactive uptake by vegetation, as recommended by
Karl et al. (2010). The resulting annual methanol source
in our a priori simulation is 179 Tgy®, with 64 Tgyr !

o
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from terrestrial plants, 36.5 Tgyt from secondary pho- DJF terrestrial methanol emissions
tochemical production, 8 Tgy* from biomass and bio- :

fuel burning, and 4.5 Tgyrt from anthropogenic activities.
Gross methanol emissions from the ocean surface contribute
66 Tgyr!, but annual gross ocean uptake of 73.5 Tglyr
results in a net ocean sink of 7.5 Tgyr Other sinks in the

a priori simulation include oxidation by OH (70 Tgyh),

dry deposition to land (26 Tgyt), and wet deposition
(9.5Tgyr ).

For this work we run the model for year 2008, and use a | .-
one-year spin-up to minimize any impact from initial condi- —
tions. To increase data coverage, we then compare the mode
output to TES retrievals for 2008 and 2009, under the as-
sumption that interannual variability is smaller than other |
sources of model error (globally, terrestrial fluxes differ by
less than 1 % for the two years in the a priori simulation).

Figure 2 maps the terrestrial methanol emissions for De-
cember, January, and February (DJF) and June, July, and Au|
gust (JJA) in the GEOS-Chem a priori simulation. Fluxes are
high in the tropics, where emissions from terrestrial plants |
and biomass burning peak, and in the northern midlatitudes )
during the summer growing season. Our a priori emission es-——
timate for terrestrial plants in 2008 48 35 % lower than the
99.6 Tgyr! reported by Guenther et al. (2012) for the year 00 01 02 05 20 50 100 10°moleccm?s’
2000, likely due primarily to the use of differing LAland me-
teorological drivers. Maps of terrestrial biogenic emissions inFi9- 2. December, January, February (DJF, top) and June, July, Au-

the GEOS-Chem a priori simulation are shown in Fig. S1 (forgust (JJA, bottom) terrestrial methanol emissions in the GEOS-
DJF and JJA) Chem a priori simulation (year 2008) from anthropogenic activities,

biomass burning, biofuel burning, and terrestrial biota.

4 GEOS-Chem adjoint

. . o . For this work we use the GEOS-Chem adjoint to solve
We carry out an inverse analysis to quantitatively constrain . - .
. L . or min(J(p)). The model adjoint computes the gradient of
global terrestrial methanol emissions on the basis of the TE : .
. L . —J(p) with respect to methanol emissions, and employs a
data. The method involves minimizing a scalar cost function, Lasi-Newtonian optimization routine to iteratively converae
J(p), that quantifies the error weighted misfit of the model to q P y 9

) . ) : .to V,J(p)=0 (Zhu et al., 1994, Byrd et al., 1995). Previ-
the TES observations while accounting for prior knowledge.Ous applications of the GEOS-Chem adjoint have included

J(p) = Hee) — vTS~1(H(e) — inverse modeling and sensitivity studies focused on aerosols
(P) ;:2( (© =275, (HO =) (Henze et al., 2009; Kopacz et al., 2011; Wang et al., 2012),
o To-l,, CO (Kopacz et al., 2009, 2010), NHzhu et al., 2013), and
+y(p =P ST (P~ pa): (3) O3 (Zhang et al., 2009; Parrington et al., 2012), with ad-
Here, p is the vector of parameters (in our case, scale fac_ditiqnal stu_dies developing complete error covariance con-
tors for terrestrial emissions) to be optimized,is their ini- ~ Straints (Singh et al., 2011) and quantifying the impact of

tial (a priori) value,y is a set of observations (in our case, model error on inyerse calculations (Jiang et al., 2011, 2013).
TES methanol profilesy, is a vector containing the model-  Our optimization employs two years of TES methanol
simulated concentrations, is an observation operator map- Profiles to derive terrestrial emissions &t>45°, includ-
ping from the model space to the observation spSs@nd ing th_e sum of qontrlbutlons_ from anthropogemc activi-
S, are the observational and a priori emissions error covaril€S: biofuel and biomass burning, and terrestrial plants. The
ance matrices, ang is the time and space domain of the ES data have greater coverage over the tropics (Fig. 1).
observations. We also includesaterm to help regularize the Since the seasonal cycle of extra-tropical emissions in the
solution to this problem, given a lack of complete knowledgemOdel is already well constrained based on our earlle_r vyork
of the error statistics of the a priori emissions (Hansen, 1998)(VVells et al., 2012) and TES data coverage is more limited

The maximum a posteriori solution feris then given by the at high latitudes, we perform here a seasonal inversion in
solution to min(/(p)). the tropics (December—February, March—May, June—August,

and September—November; hereafter DJF, MAM, JJA, and
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Fig. 3. Example of a TES methanol retrieval and corresponding 05¢

adjoint forcing.(A) Retrieved methanol profile (black line), with ™~ : ' ' ' ' —

the a priori profile (red line), the GEOS-Chem model profile with 0 5 10 15 . 20 25 30
the TES a priori and averaging kernel applied (green line), and the lteration

TES representative volume mixing ratio (RVMR, black symbol). Fig. 4. Cost function evolution for the adjoint optimization using

The .shaded bar |nd|pates the veruca] range over Wh'.Ch the FNMRTES observations, plotted as the ratio of the fina) (o initial (J;)
applies, corresponding to the full width at half-maximum of the value for each iteration

averaging kernel peakB) Rows of the averaging kernel for this
retrieval, which has 0.78 degrees of freedom for signal (DOFS).

(C) The corresponding adjoint forcingg J (p) for this example. Table 1. Pseudo observation analy3is

Regior? Derived:actual emissions
SON, respectively), defined as 235to 23.5 N, and an an- North America 0.97,1.01
nual inversion in the extratropics. We exclude retrievals over South America 0.98, 1.00
oceans, as these tend to have limited information content due Central/Southern Africa 0.99, 1.00
to weak thermal contrast and low methanol abundance. The Europe 0.98,1.01
optimization routine bounds the solution so that the opti- Southeast Asia/India 0.97,1.01
mized emission scale factors are not less than zero, and thea  Siberia _ 0.99,1.01
priori emissions are assumed to have an uncertainty of 100%  Indonesia/Oceania 0.96,1.03
(With Y= 0-5)- @A posteriori annual terrestrial emissions are shown normalized to the

The observational error is calculated from the native TES actual emissions prescribed for the test inversion. The two numbers
. . . . . listed correspond to separate tests in which the a priori emissions were
instrument noise error covariance matrix (diagonal elements  gecreased (0.5) and increased (1.6), respectively, relative to the
only); we apply a minimum threshold of 0.5 ppb for this er- actual values?Regions are as outlined in Fig. S4.
ror as this corresponds to the TES limit of detection for the
methanol RVMR (Cady-Pereira et al., 2012). We add to this o ]
an assumed 20% CTM error following Millet et al. (2012). trial emissions perturbed downward (G} from their actual
An example of a TES retrieved profile, model profile (with V&lues, and one with the estimate perturbed upwardx}.5
TES averaging kernel and a priori profile applied), TES ay-1he natlye TES noise error for each cprrespondmg psc_audo
eraging kernel, and the corresponding adjoint forcing profile®PServation was used as the observational error covariance
(V,J (p)) with respect to the a priori emissions are shown in matrix in each test. Ideally, the adjoint qptlmlzaFlon Would.
Fig. 3. The adjoint forcing in this case is strongest aroundP® able to recover the actual model emissions in each grid

600hPa, and is negative as the model concentrations argluare; the degree to which this is not the case provides a

lower than the retrieved values for this example. measure of the uncertainty arising from the TES data cover-
age.

Figures S2 and S3 show the a posteriori emission scale fac-

5 Pseudo observation test of the adjoint method tors for these test inversions. For both tests, there are a few

model grid boxes with optimized scale factors that are higher
We performed a sensitivity analysis using pseudo obseror lower than 1.0, showing that the TES data sampling pro-
vations to determine the spatial resolution at which thevides some limitation on our ability to retrieve emissions for
TES data can be expected to constrain surface emissions @iy individual grid box. On the other hand, when we aggre-
methanol. The GEOS-Chem methanol fields were sampledjate to larger regions, we find that the derived emissions are
according to the temporal and spatial sampling density of therobust. Table 1 lists the optimized emissions, normalized by
two-year TES data set, and the native TES a priori profilestheir true values and averaged over continental-scale regions
and averaging kernels then applied to the model output usfwith boundaries as in Fig. S4). At this scale, the retrieved
ing Eq. (1) to generate pseudo-TES observations. We theemissions for all regions are within 5% of the actual values.
carried out two global adjoint inversions using these pseudo-
TES observations: one with the a priori estimate for terres-

www.atmos-chem-phys.net/14/2555/2014/ Atmos. Chem. Phys., 14, 25587 2014
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Fig. 5. Scale factors for the a priori terrestrial methanol emis- Fig. 6. A posteriori error estimate for the optimized methanol emis-
sions optimized on the basis of the TES observatioak Annual sions (a priori erroe=1.0, i.e., 100 %).(A) Annual a posteriori
scale factors for the extratropid®)—E) Seasonal scale factors for error for the extratropicS(B)-E) Seasonal a posteriori error for
the tropics (DJF=December, January February; MAMMarch,  the tropics (DJF= December, January February; MAMMarch,
April, May; JJA= June, July, August; SON September, October, April, May; JJA=June, July, August; SON September, October,
November). November).

In the following section, we use these same regions for

interpreting the terrestrial methanol emissions derived fromUSI an M_ﬁi(.'cq the It_)erlan P_erTlnhsuI?, (;he Sa?esl, andkcen-
the actual TES measurements. tral Asia. This is consistent with the findings of Stavrakou

et al. (2011), who used IASI methanol retrievals to test

MEGANV2.1 biogenic emissions in the IMAGESv2 model.
6 Optimized methanol sources The optimization also leads to increased emission esti-

mates for the eastern US, western Canada, eastern Africa,
Figure 4 shows the evolution of the cost function during theand South Africa. Emissions from Brazil are revised upward
optimization of terrestrial methanol emissions using the ac-during SON. A particular region where emissions are scaled
tual TES observations, and Fig. 5 shows the correspondinglownward is central Africa (especially in JJA); emissions are
scale factors for the a priori emission estimates. We convergalso reduced in southeastern China, southeastern Russia, and
on a solution after approximately 26 iterations, at which pointportions of tropical South America.
additional iterations change the cost function by less than We saw based on the pseudo-observation analysis in the
0.5%. The a posteriori cost function is reduced-b34 % previous section that the inversion is more robust across
compared to the a priori value. regional scales than it is for individual grid boxes. Fig-

Figure 5 reveals some coherent and informative spatiare 6 maps the a posteriori uncertainties for the actual in-

patterns. Several of the regions where emissions are reversion (calculated using a preconditioned BFGS algorithm;
vised significantly upward are semi-arid, such as the westermBousserez et al., 2013), providing a more nuanced picture of

Atmos. Chem. Phys., 14, 255%57Q 2014 www.atmos-chem-phys.net/14/2555/2014/
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the spatial constraints afforded by the optimization. We see North America South America
in Fig. 6 that the a priori error is reduced by at least half _2:2_
throughout most of the northern midlatitudes, and by over 2o E : ]
70% in much of Europe, Russia, East Asia, central Africa, 51-5A M
North America, and Brazil (in SON). The DOFS for our in- z'° _/\ ] ]
version (which indicate the number of independently con- gt 1 & ]
strained emission variables) are 696. Central/South Africa Europe

Table 2 lists our optimized terrestrial methanol emission  >°f

estimates for continental-scale regions around the world. Al- 820} ] ] ]
though there are parts of the tropics where emissions are ;1.5¢/'/’\W'\‘- '\//J'—\

reduced relative to the a priori estimate (Fig. 5), when ag- Etofw‘/_~

gregated to continental scales the a posteriori emissions gg
are uniformly higher than the a priori. The global terres-
trial methanol emission flux increases by 60% in the in- 30

version, from 76 to 122 Tgyr* for the 2008-2009 period.  g-+f E ]
This revised estimate supports two other recent top-down es-§1:5_//~//\’\»\\/‘_ ] ]
timates of the global terrestrial methanol source: 114 Tgyr 1.0 A /_A"
for 2009 (Stavrakou et al., 2011) and 120 Tg¥for 2004 Tosf 3

(Millet et al., 2008a). Including gross ocean emissions of

66 Tgyr ! and secondary photochemical production totaling .
36.5Tgyr !, the total global methanol source increases by z25t i ] ]
25% as a result of the inversion. Relative emission increases &% [ ]
are highest over Europe and North America (128-155 % in- §1:01_H\M\l—{ ; E
crease over the a priori emissions) followed by Southeast®osf —— —+ | : ]
Asia/lndia, Indonesia/Oceania, and Siberia. The smallestrel- °°

Southeast Asia/lndia Siberia

Indonesia/Oceania Brazil

ative changes occur over central/Southern Africa and South w0 Central Africa N
America (Table 2). sl I T ARt

Figure 7 shows TES RVMR annual time lines, averaged 'éz.mM_ — TES
over 2008-2009 for the continental-scale regions mapped ine'2f = 3

Fig. S4. We also show time lines for Brazil and central Africa E;";:
(with outlines as indicated by the green boxes in Fig. S4) to g,
better assess the impact of the seasonal optimization inthe ¥ " ™ 4 s N

tropics. Since the adjoint inversion was driven by the TESFig. 7. Time lines of monthly-mean representative volume mixing

data, these comparisons are not an mdependent validation Qfyq, (RVMR) as measured by TES (black) and simulated by GEOS-

the results, but instead provide a regional and seasonal conshem, averaged over the regions in Fig. S4. The vertical black lines

parison ofthe a pl’iOl’i and a posteriori simulations. Note thatcorrespond to thet95 % confidence interval of the TES monthly

the optimization employed the full TES profile rather than means. The red line is the a priori GEOS-Chem simulation, and the

just the RVMR values summarized in Fig. 7. green line is the a posteriori simulation with optimized terrestrial
As we see in Fig. 7, the optimized simulation achieves sig-sources.

nificantly better agreement with the TES observations across

these different global regions. The spring/summer model un- . .
derestimate is reduced from 35 to ~10 % over Europe, et al. (2012) that is used here, and the use of an annual inver

rom - 40 to 1% over North America, and from 30 590 B NESE 007, e i e opiesd i
to ~ 10 % over Siberia. Over South America, the bias is re- P y 9

duced from~ 30 to 20 % in SON. Some larger discrepancies tgde of _observed methanol concentrations than is the a priori
do persist. The simulated methanol RVMRs over Southeas%'mmatlon'

Asia/lndia, central/South Africa, and Indonesia/Oceania are

still somewhat underestimated in the optimized simulation7  Sensitivity analyses

throughout the year (by 20-30 %), and wintertime concen-

trations are underestimated over North America, Europe, and\lthough we have included only terrestrial emissions in our
Siberia (by 30-50 %). The latter behavior is probably due tostate vector for optimization, other model processes, such as
the limited number of successful TES observations at highthe methanol loss rate, might also contribute to the observed
latitudes in wintertime. The rest of the seasonal cycle is wellmodel-measurement discrepancies. In particular, a body of
represented in the extratropical regions, supporting the uprecent research has pointed to large inconsistencies be-
dated seasonal cycle of methanol emissions derived by Wellsveen simulated and measured OH levels over high-isoprene,
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Table 2. Optimization of terrestrial methanol emissions based on the TES measurements.

Regiorf A priori A posteriori Deptest Ocean tests Alt OH p30OH y tests
(Tgyrh  (TgyrhP  (TgyrhHe  (TgyrHhd  (Tgyrhe  (Tgyrbf (Tgyr1)9
North America 8.0 18.2 17.5 18.6,17.5 18.9 - 17.9,18.0,17.8
South America 16.0 19.7 18.8 20.4,18.4 18.4 — 19.3,19.4,19.1
Central/Southern Africa 225 28.1 26.9 28.6,27.0 27.1 - 27.7,27.8,27.6
Europe 51 13.0 12.6 13.2,12.2 13.3 - 125,12.7,12.3
Southeast Asia/lndia 14.0 254 24.3 25.9,24.1 26.4 — 246,248,243
Siberia 3.5 53 51 5.3,5.2 5.6 - 5.2,5.3,5.2
Indonesia/Oceania 6.0 9.1 8.9 9.8,7.9 8.3 - 8.6, 8.7, 8.3
Brazil 5.7 6.3 6.0 6.5,6.1 5.9 8.3 6.4,6.4,6.4
Central Africa 8.4 5.2 4.7 51,55 5.1 6.7 5.4,54,5.6
Global 76 122 118 125, 115 126 - 119, 120, 118

@Regions are as outlined in Fig. PBaseline inversion using standard model chemi§tfgst inversion using alternate dry deposition sink (see t%SE)nsitivity tests on
the oceanic source/sink. The two numbers listed correspond to assumed seawater methanol concentrations of 70 nM and 166 nM, $&spgettixaision using
alternate global OH fields (see teithOH is a parameterization that approximates the effects of OH recycling in high-isoprene, loerM@nments (see text).
9Sensitivity tests of the a priori constraint. The three numbers listed correspond to fluxes deriveg-uaings of 1.0, 0.01, and 0, respectively.

low-NOy environments such as tropical forests (Lelieveld etwe reduced the reactive uptake coefficient for methanol from
al., 2008; Kubistin et al., 2010; Pugh et al., 2010; Stone et al..1.0 to 0.5 (Karl et al., 2010) and repeated the inversion. This
2011). We performed a suite of sensitivity runs to assess thalightly reduced the optimized emissions nearly everywhere
degree to which such uncertainties in model OH are likely todue to the diminished deposition sink. Changes were largest
affect our derived emission fluxes. First, we repeated the in-over central Africa £ 10 %, due to the dense vegetation in
version using global oxidant fields from a different version of this region); all other regions exhibited changes of less than
GEOS-Chem, corresponding to a 6.4 % lower global OH bur-5 %.
den than the standard simulation (Millet et al., 2012). Next, For the oceanic uptake test, we varied the assumed
we implemented a parameterization (denoted p30OH) that hamethanol seawater concentration in the model (118 nM) by
been proposed by Stone et al. (2011) to approximate OH re+41 %, based on the standard deviation of observed values
cycling during isoprene oxidation under low-)N©onditions  from Williams et al. (2004). This is also broadly similar to the
(assuming that 3.0 OH radicals are produced for each OHange of variability measured recently by Beale et al. (2013).
radical lost to isoprene). We find that assuming a seawater methanol concentration
Table 2 gives a summary of the inversion results for theseof 70 nM increases the estimated net global oceanic sink to
sensitivity runs. The a posteriori emissions are very similar~ 15 Tgyr1; an assumed concentration of 166 nM leads to
for the inversions using the two alternate OH fields deriveda global oceanic source and sink that are roughly in balance.
using standard model isoprene chemistry. The OH recyclingThese net global fluxes are both within the range of recent
tests do impact the optimized fluxes to a degree in the tropicsestimates (Millet et al., 2008a; Stavrakou et al., 2011; Beale
Over central Africa, optimized emissions for the p30OH simu- et al., 2013; Yang et al., 2013). Inversions carried out under
lation are 29 % higher than they are when the standard modehese two scenarios lead to optimized emissions that differ
chemistry is used in the inversion. Over Brazil, optimized from the base case by less than 5% in regions outside the
emissions are about 32 % higher for the p30OH simulation. tropics, but by up to 15 % over Indonesia/Oceania. Model as-
Mao et al. (2012) argue that, to some extent, measuremergumptions related to the air—-sea exchange of methanol thus
uncertainties may have contributed to reported observationhave a larger impact on the inversion in regions with terres-
model OH discrepancies in forest atmospheres. As such, wéial emissions in close proximity to the ocean.
take the p3OH parameterization as an OH-recycling upper We also tested the extent to which our a priori constraint
limit, and conclude that current uncertainties in low-N€b- impacts the optimized emissions. In addition to the base-
prene chemistry likely lead to at most a 30% uncertaintyline inversion withy = 0.5 (and overall a priori uncer-
in our derived tropical methanol emissions. Likewise, Ta-tainty=100%), we performed three sensitivity inversions
ble 2 shows that use of the alternate global OH fields leadwith the regularization parameter set to 1.0, 0.01, and O.
to at most a 10% change in our derived continental-scalelThe first two values correspond to overall a priori uncer-
methanol emission fluxes. tainties of~ 70 % and~ 700 %, respectively, while the third
We also assessed the sensitivity of our results to modetase contains no a priori constraint. The results indicate that
treatment of the two other major methanol sinks: dry depo-our continental-scale emission fluxes are robust to assump-
sition to land surfaces and oceanic uptake. In the first casejons regarding the a priori constraint. Indonesia/Oceania and
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central Africa exhibit the greatest sensitivity, with the a pos- 20 wereke ] | TTCTaKe CHa0ANTEXB
. . . . . . . (W_Us) s (E_US) (W_Us)
teriori continental emissions differing by 8-10% between _ «oj| — ot
: . )  Abvon ;
the baseline analysis and the no-constraint case; all other re & e} \ A posterior |
gions exhibit changes of 5% or less. * sl Y '
1000
200 C130-MILAGRO| | DC8-MILAGRO TEXAQSII
) o ) 400 (MEXICO) / (MEXICO) (S_US)
8 Evaluation of optimized methanol sources using g t
. 600+ r
aircraft data < > 5 K \
800} b JX_ \
In this section we use an ensemble of in situ measurements ', :
ARCPAC ARCTAS T ARCTAS

from recent aircraft campaigns to evaluate our new top-down . (KCoAN | 1 W) (CANADA)
estimates of terrestrial methanol emissions derived usinggm,> [

TES. The aircraft campaigns include the International Trans- =
port and Chemical Transformation of Anthropogenic Pollu- |
tion, ITCT-2K2 (2002; Parrish et al., 2004) and ITCT-2K4 o ZMeth‘;mI;ppbf 100 ZMeth‘anoI?ppb]*’ 100 zMelhAanoleppb]a 1
(2004; Fehsenfeld et al., 2006); Megacity Initiative: Local

and Global Research Observations, MILAGRO (2006; SinghFig. 8. Vertical profiles of methanol concentrations over North
et al., 2009); Intercontinental Transport Experiment-PhaseAmerica. Each profile represents a campaign average over the re-
B, INTEX-B (2006; Singh et al., 2009); the second Texas 9ion spgcified in the pan_el. Aircr_a\ft_ measurements are _sh'ow_n in
Air Quality Study, TexAQS-II (2006; Parrish et al., 2009); black with theiQS% confidence Ilmlt_s fqr each ve_rt|;a| bin indi-
Arctic Research of the Composition of the Troposphere fromc_ateOI b_y the horizontal bar;. T.he redline is the a priont GEQS'Chem
Aircraft and Satellites, ARCTAS (2008; Jacob et al., 2010); 5|mula_t|o_n, anq the green line is the GEQS-Chem simulation after a
and Aerosol, Radiation, and Cloud Processes affecting Arclo osteriori scaling factors have been applied.
tic Climate, ARCPAC (2008; Brock et al., 2011). Because the

TES observations employed here are for 2008 and 2009, Wesanada are overestimated by the optimized simulation within
compare the aircraft data to a priori and a posteriori modeke houndary layer, but the two are in good agreement aloft.
s_lmulatlons _for 2008 sampled at the time-of-year and loca- Figure 9 shows marine methanol profiles for the above
tion of the aircraft observations. , , campaigns in which there was significant sampling over
Figure 8 shows campaign-average vertical profiles ofgcean. As before, the source optimization significantly im-
methanol over land, measured aboard the aircraft and siMsroyes the model agreement with the aircraft measurements
ulated by GEOS-Chem before and after optimization. Theynrqyghout the vertical profile. The high free tropospheric
a priori emissions result in a significant model underesti- yathanol concentrations observed during INTEX-B over
mate across North America, particularly in the boundaryhe eastern Pacific (C130 aircraft) are not captured by the
layer. The optimization leads to a strong improvement in el A similar discrepancy was also noted by Stavrakou
the model-measurement comparisons across the ensemhlg 51 (2011) relative to the IMAGESv2 CTM following
of campaigns, with the observed profiles generally well-5, jnversion using IASI data. Uncertainties in the Pacific
captured in the a posteriori simulation. In a few locations, thegqrce/sink of methanol could play a role here. On the other
low bias is not entirely removed by the inversion. In partic- hang, our a posteriori simulation agrees well with other data

ular, elevated boundary layer concentrations measured OV&las gver the Pacific and the Atlantic Oceans (Fig. 9), captur-
the western US during INTEX-B and ARCTAS are not cap- jng the abundance of methanol for continental inflow to and

tured by the model. These campaigns both featured sampling+fiow from North America.

over the California Central Valley and the Los Angeles area,

where recent studies have found very high boundary layer

concentrations of methanol (Warneke et al., 2010). High al-9  Characterizing source contributions based on TES

cohol emissions from agricultural processes such as the fer- methanol: CO correlations

mentation of livestock feed have also been reported in this

region (Howard et al., 2010; Malkina et al., 2011). Likewise, Our adjoint inversion optimized terrestrial methanol emis-

a residual low model bias is seen relative to the TexAQS-lIsions as the sum of contributions from biogenic, biomass
measurements over Houston and the MILAGRO-C130 ob-burning, and anthropogenic sources. In this section, we
servations over and near Mexico City, probably because theise methanol: CO correlations measured by TES to help
flight data are heavily influenced by individual plumes that interpret our inversion results in terms of specific source
are not resolved at the®4 5° model resolution. The DC8 contributions. We select for the analysis regions that
observations during MILAGRO, representing more regional-show significant differences between the a posteriori and
scale outflow from Mexico City, are in good agreement with a priori methanol emission estimates (Fig. S4). For the
the optimized simulation. The ARCTAS measurements ovefTES observations within each of the selected regions, we
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Fig. 9. Vertical profiles of methanol concentrations over ocean. £ ©
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horizontal bars. The red line is the a priori GEOS-Chem simulation, -
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Western US Eastern US Fig. 11. Seasonality of methanol emissions from anthropogenic

10 (blue), biomass burning (pink), and biogenic sources (cyan) in the
g sf GEOS-Chem a priori simulation for the regions in Fig. S4.
S o
E
5 af Data are shown for June—August, corresponding to the sea-
© . . .
£ Lt ] ] sonal peak in methanol concentrations in the NH extrat-
= . m = 0.07% 50008 m= 0.0514 0003 ropics, and include all retrievals with DOFS >0.5. As we
e et see from Fig. 5, the TES inversion leads to an upward re-
) vision of emissions for the western US, eastern US, and
10—Vestern Europe Southeastern China Europe, and a downward revision for southeastern China.
T 4 The methanol : CO slopes are similar for the eastern US and
g western Europe (0.051-0.052 ppb pph and both are lower
E 6 than is observed over the western US (0.073 pplbrppb
T o . However, all three values are significantly higher than the
§ y enhancement ratios typically associated with anthropogenic
2 2r . 4 feci 1. .
= r=0.38 23 r= 0.56 emissions{ 0.012 mol mof+; Goldan et al., 1995; de Gouw
= 0.052% 0.003 * m = 0.024% 0.002 : ' ’ ’
0 Lo DD TR et et al., 2005; Millet et al., 2005; Warneke et al., 2007), and
0 100 200 300 400 500 0 100 200 300 400 500 .. . . . . .
CO RVMR [ppb] CO RVMR [ppb] this is consistent with the predominance of biogenic sources

_ _ ) in the model for these regions during summer (Fig. 11). The
Fig. 10. Extratropical methanol: CO correlations as measured byhigher slope over the western US suggests an anomalously

TES during June—August. Regions are as outlined in Fig. S4. Thq . .
. ) arge methanol source relative to the amount of co-emitted
TES CORVMRIis calculated by applying the TES methanol RVMR (orgco-located) CO fluxes. The increased a posteriori emis-

weighting function to the retrieved CO profile. Slopes are calculated® ; . .
using reduced major axis regression. sions for this region could thus reflect the presence of plant

species that emit large quantities of methanol, or a missing
source from agriculture.

fruct thanol - CO lati . thanol RVMR Over southeastern China, where the inversion leads to
construct a methanol. correlation using methano decreased emissions (Fig. 5), the methanol:CO slope is

values and CO pseudo-RVMR values. The latter are COM=ich lower (0.024 ppb ppt¥), and closer to what would

puted by applying the TES .RVMR \_/veighting func'Fion f°.f be expected for predominantly anthropogenic emissions. In
methanol to the corresponding retrieved CO profile USINGeontrast, the a priori methanol emissions over this region

Eq. (2); this approach ensures consistent vertical Weightingb:ig_ 11) are mostly biogenic during the spring and summer

for t.)Oth CO and methanol. , months; it thus appears that the biogenic source for this re-
Figure 10 shows methanol: CO correlations measured b)%ion is overestimated

TES over the western US, eastern US, western Europe, an
southeastern China (region boundaries are given in Fig. S4).
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Fig. 12. Tropical methanol : CO correlations as measured by TES. Regions are as outlined in Fig. S4. The TES CO RVMR is calculated by
applying the TES methanol RVMR weighting function to the retrieved CO profile. Slopes are calculated using reduced major axis regression.

Figure 12 shows the seasonal progression ofetal., 2004; Warneke et al., 2007; Barkley et al., 2008; Mil-
methanol: CO correlations measured by TES over Brazillet et al., 2008b). Sources of HCHO and CO include pri-
and central Africa, tropical regions where we expect amary emissions and secondary production from volatile or-
contribution from both biogenic and pyrogenic sources.ganic compounds, including methane, isoprene, methanol,
Over central Africa we see a distinct seasonal variation inand other biogenic and anthropogenic species. In the case
the methanol : CO slopes, with lower values in JJA and DJFof CO, primary and secondary sources are thought to be of
(0.017-0.023 ppbpptd) compared to the other seasons globally similar magnitude (Duncan et al., 2007), whereas
(0.026-0.042 ppb pptd). DIF and JJA correspond to the secondary production is the predominant source of HCHO
biomass burning seasons for this region (Fig. 11), and(Fortems-Cheiney et al., 2012). In both cases, identifying the
the observed slopes are in line with typical methanol : COkey precursors is important for quantitative interpretation of
emission ratios for biomass burning (Andreae and Merlet,the ambient concentrations. In this section, we apply a full-
2001). Therefore, it appears that biomass burning is a preehemistry GEOS-Chem simulation for 2008 to quantify the
dominant contributor to atmospheric methanol over centralglobal importance of methanol as a source of CO and HCHO.
Africa during these seasons. On the other hand, the a priori Figure 13 shows the total column secondary CO produc-
emissions employed in GEOS-Chem (Fig. 11) assume thation for February, April, June, August, October, and Decem-
the biogenic flux is dominant year-round. The a posterioriber 2008, along with the percent contribution from methanol
source reduction for this region, seen in Fig. 5, thus probablyoxidation. In the optimized simulation, methanol accounts
reflects an overestimate of biogenic, rather than biomas$or ~6 % of global CO and HCHO production. Methanol
burning, emissions. is an important source of CO and HCHO during spring and

Over Brazil, biomass burning peaks in August—Septemberearly summer in the Northern Hemisphere, when biogenic
(Fig. 11) and is not associated with a minimum in the emissions of methanol are high but isoprene emissions are
observed methanol: CO slope (Fig. 12). Instead, the slopsstill fairly low. During April, methanol contributes up to 25 %
slowly increases throughout the year. This may simply re-of the secondary CO and HCHO in northern midlatitudes.
flect the seasonality of biogenic emissions, with fire emis-During June it contributes up te 50 % of the local CO and
sions playing a more modest role for this region, which is HCHO production in boreal regions, reflecting the later on-
broadly consistent with the a priori information (Fig. 11). set of the growing season at higher latitudes. Over the US

Upper Midwest, we find that the maximum contribution of
) methanol to CO and HCHO productions25 %, occurring
10  Impact of methanol on global photochemical in June, which is close to the value of 20% estimated on
production of CO and HCHO the basis of tower measurements by Hu et al. (2011). During
other months, methanol can contribute up to 10-15 % of sec-
ondary CO and HCHO production, depending on the region.
Over high isoprene emitting areas of the tropics, the frac-

Photochemical oxidation of methanol is a source of atmo-
spheric HCHO and CO, two compounds that play impor-

tant roles in the chemistry of OH and ozone (Logan et al..;, a1 contribution of methanol to CO and HCHO produc-

1981, ]E:T:tzen a?d ertr?metr_mann:[hlggl), a_nd t;'_Vh'Ch _servezion is modest (0-5 %). Downwind over tropical oceans, the
as usetul tracers for estimating anthropogenic, bIOgenic, andtq, i tion increases (10-20%) due to methanol’'s longer
biomass burning emissions of other species (Suntharalingam
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out most of the northern midlatitudes as well as over East
Asia and parts of central Africa and Brazil. Uncertainties
are higher over Indonesia/Oceania and high latitude regions,
where TES retrievals are limited.

The TES data show that current terrestrial emissions of
methanol in GEOS-Chem (driven by a modified implemen-
tation of MEGANV2.1 biogenic emissions) are too low, and
that the global flux should be increased by 60% from 76
to 122 Tgyr?®. This optimized source is- 23 % of the es-
timated global isoprene flux (535 Tgy¥, Guenther et al.,
2012) and is similar to the combined flux of all anthropogenic
volatile organic compounds (estimated at 100-200 Tgyr
Muller, 1992; Piccot et al., 1992; van Aardenne et al., 2001).
We find that the largest relative increases to the a priori
emissions occur over mostly semi-arid regions such as the
western US, Mexico, the Iberian Peninsula, the Sahel, and
central Asia. The largest absolute emission increases occur
over Mexico and western Europe. Emissions are reduced
over southeastern China and over central Africa. The op-
timized emissions lead to a significant improvement in the
methanol simulation as compared to an ensemble of aircraft
measurements, though discrepancies over the western US
point to missing sources in the a priori inventory (and pos-
sibly issues with sampling mismatches between the model
and the aircraft measurements). Our optimized global terres-
trial methanol flux of 122 Tgyr® also supports two other
recent top-down estimates derived using in situ (Millet et al.,
2008a) and space-based (Stavrakou et al., 2011) observations
(114-120Tgyrd).

We carried out two separate sensitivity tests to assess the

CO photochemical production

7 x|

Feb
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Aug

Oct

Dec |

(——ceeee———— | | E—— ]
0038 s M2 W0 0 0B % &0 degree to which our derived methanol emission fluxes de-
[10° molec cm™?] [%]

pend on uncertainties in model OH. An inversion that em-
Fig. 13. Importance of methanol as a photochemical precursorployed OH concentrations from an alternate model version
of CO and HCHO. Left column: column-integrated photochem- led to only minor differences (<10%) in the a posteriori
ical production of CO. Right column: percent contribution from continental fluxes compared to the baseline analysis. A sec-
methanol oxidation in the GEOS-Chem a posteriori simulation for gnd sensitivity analysis that employed a parameterization to
February, April, June, August, October, and December 2008. Thegpproximate OH recycling during isoprene oxidation at low
fractional contrlbutlon to HCHO production is similar, since almost NOy indicated that uncertainties in low-N@soprene chem-
all photochemical production of CO goes through HCHO. istry most likely lead to at most a 30 % bias in our computed
tropical methanol fluxes.
lifetime compared to isoprene (several days vs. an hour or We also performed sensitivity tests to assess the impact of
less). model errors re_lated to m_e_thanol dry de_posmon and air-sea
exchange. Varying the efficiency of reactive uptake generally
led to changes of less than 5% in the regional a posteriori
11 Summary and conclusions emissions. Likewise, varying the assumed concentration of
methanol in the surface ocean byl % also led to a pos-
We used two years of new atmospheric methanol observateriori emission differences of less than 5% outside of the
tions from the Tropospheric Emission Spectrometer (TES)tropics. In tropical island regions, where terrestrial emissions
in an adjoint inversion with the GEOS-Chem CTM to quan- occur in close proximity to the ocean, emissions varied by
tify terrestrial emissions of methanol around the globe. A testabout 15 %. Global fluxes from all sensitivity runs ranged
inversion based on pseudo observations demonstrated théiom 118 to 126 Tgyrt.
the TES data coverage is sufficient to accurately constrain Since our inversion optimized the total terrestrial emis-
methanol emissions on regional-to-continental scales. A possion flux and did not attempt to resolve individual sources,
teriori uncertainties are reduced significantly compared to theve employed the methanol: CO correlations measured by
a priori, and are reduced by a factor of two or more through-TES to interpret the a posteriori results and improve our
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understanding of the underlying emission processes. These America inferred from Global Ozone Monitoring Experiment
observations suggest that biogenic methanol emissions are (GOME) observations of HCHO columns, J. Geophys. Res., 113,
currently underestimated over the US, western Europe, and d0i:10.1029/2008JD009862008.
Brazil in our implementation of MEGANv2.1. Over the Beale, R., Dixon, J. L., Arnold, S. R, Liss, P. s.,and Nightingale, P.
western US, the majority of methanol emissions appear to D.: Metha_nol, acetaldehyde, and acetone in the surface waters of
be from sources that do not co-emit CO, suggesting high 1€ Atlantic Ocean, J. Geophys. Res.-Oceans, 118, 5412-5425,
emissions from plant functional types in this region or miss- doi:10.1002/grc.20322013.
. . . . . Beer, R., Glavich, T. A., and Rider, D. M.: Tropospheric emission
mg_so,urceS, from agriculture. An overestlmate'of biogenic spectrometer for the Earth Observing System’s Aura Satellite,
emissions is apparent over southeastern China and cen- Appl. Optics, 40, 2356-2367, 2001.
tral Africa during June—August, as the corresponding TESBeer, R., Shephard, M. W., Kulawik, S. S., Clough, S. A., Eldering,
methanol : CO slopes are consistent with a predominant role A., Bowman, K. W., Sander, S. P., Fisher, B. M., Payne, V. H.,
for anthropogenic and biomass burning emissions, respec- Luo, M., Osterman, G. B., and Worden, J. R.: First satellite obser-
tively. vations of lower tropospheric ammonia and methanol, Geophys.

The source optimization presented here demonstrates the Res. Lett., 35, L09801, ddi0.1029/2008GL033642008.
importance of methanol as a photochemical precursor of CdBousserez, N., Henze, D. K., Perkins, A., Bowman, K. W., Lee, M.,
and HCHO. Based on a full-chemistry GEOS-Chem simula- HiU: J- Deng, F., and Jones, D. B. A.: Improved analysis error
tion, we estimate that methanol contributes 6 % to the global covariance matrix estlmate_s for variational inverse problems, Q.
secondary source of CO and HCHO, and up~t60% to J- Roy. Meteor. Soc., Sme't.te.d’ 2013, .

y . . ’ 70 Brock, C. A., Cozic, J., Bahreini, R., Froyd, K. D., Middlebrook,

Iocgl phqtochemlcal production of CQ apd HCHO in boreal — 5 M., McComiskey, A., Brioude, J., Cooper, O. R., Stohl, A.,
regions in June, when methanol emissions are elevated but ajkin, K. C., de Gouw, J. A., Fahey, D. W., Ferrare, R. A.,
isoprene emissions are low. Gao, R.-S., Gore, W., Holloway, J. S., Hibler, G., Jefferson, A.,

Future work involving the full record of methanol ob- Lack, D. A, Lance, S., Moore, R. H., Murphy, D. M., Nenes,
servations from TES and other space-based instruments, A., Novelli, P. C., Nowak, J. B., Ogren, J. A., Peischl, J., Pierce,
such as the IASI sensors aboard the MetOp series of satel- R. B., Pilewskie, P., Quinn, P. K., Ryerson, T. B., Schmidt, K.
lites and possibly CrIS (Cross-track Infrared Sounder) on S., Schwarz, J. P., Sodemann, H., Spackman, J. R., Stark, H.,
NASA's Suomi NPP satellite, should help us to better quan- Thomson, D. S., Thomberry, T, Veres, P., Watts, L. A., Warneke,
tify methanol emissions as a function of plant functional type ~ C-» @nd Wollny, A. G.: Characteristics, sources, and transport of
and phenology. These data may also prove valuable for un- aerosols measured in spring 2003 durllng the aerosol, radlgtlon,
derstanding ecosystem responses to climate variability and and cloud processes affecting Arctic Climate (ARCPAC) Project,

. o . Atmos. Chem. Phys., 11, 2423-2453, d6i5194/acp-11-2423-
for distinguishing sources types for other species measured 2011 2011.

from space, such as GOCO, and CH. Byrd, R. H., Lu, P. H., Nocedal, J., and Zhu, C. Y.: A limited mem-

ory algorithm for bound constrained optimization, SIAM J. Sci.

Supplementary material related to this article is Comput, 16, 1190-1208, daD.1137/09160691995.
PP y Cady-Pereira, K. E., Shephard, M. W., Millet, D. B., Luo, M.,

available online athttp://www.atmos-chem-phys.net/14/ Wells, K. C., Xiao, Y., Payne, V. H., and Worden, J.: Methanol
2555/2014/acp-14-2555-2014-supplement.pdf from TES global observations: retrieval algorithm and seasonal
and spatial variability, Atmos. Chem. Phys., 12, 8189-8203,
doi:10.5194/acp-12-8189-2012012.
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